Discovery of a predominant paramagnetic Meissner effect in superconducting dichalcogenides 
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We report on the electronic and thermodynamic properties of the new superconducting hybrid 18R- 
SnSe2{CoCp 2 }o.i (T c = 6 K). Field-cooled (FC) ac- and dc-susceptibility measurements in low magnetic fields 
up to 1 mT reveal a predominant paramagnetic Meissner effect (> 27% of the amount of the full diamagnetic 
signal). This anomalous paramagnetic response occurs unexpectedly even in zero-field-cooled (ZFC) sequences. 
Furthermore, our experimental findings favor an intrinsic and reversible occurrence of spontaneous magnetiza- 
tion at T < T c . These observations disfavor the alternative scenario of extrinsic trapping of magnetic flux. 



The highly anisotropic electronic properties of quasi-two- 
dimensional (2D) intercalation complexes of transition metal 
dichalcogenides have been extensively studied since their dis- 
covery [1]. Already, the non-intercalated parent systems, e. g., 
2H-TMSe 2 , 2H-TMS 2 (TM = Nb, Ta) stimulated intensive 
research activity since they are characterized by phase dia- 
grams where inherent superconductivity and charge density- 
wave (CDW) order coexist at low temperatures |2j,|3[]. Hence, 
layered dichalcogenides might serve as model systems for 
the understanding of other highly correlated electronic sys- 
tems, such as the high-T c cuprate superconductors (HTSC) 
[4]. An important milestone in this respect was reached by 
Gamble et al. 05J who reported a dramatic increase in T c of 
TaS 2 when the host lattice was intercalated with the organic 
donor pyridine, while Schaak et al. showed that T c of the 
recently discovered superconducting layered sodium cobalt 
oxyhydrate, Na^CoC^ -1.3^0 [6] displays the same kind of 
behavior on chemical doping that is observed in HTSCs. Fur- 
thermore, O'Hare and coworkers found that semiconducting 
2H-SnSe 2 renders in a superconducting hybrid upon inter- 
calation of the organometallic donor molecule cobaltocene, 
CoCp 2 (Cp = C 5 H 5 ), to produce 2H-SnSe 2 (CoCp 2 ) . 33 fl. 
Hence, intercalation of dichalcogenides with electron-rich 
metallocenes [8] provides a powerful way to finely tune the 
electronic properties of these highly anisotropic solids via 
charge transfer and increased interlayer separation. 

In this report, we show that nano structuring via staging- 
controlled intercalation of cobaltocene - as exemplified 
by the new layered superconductor 18R-SnSe 2 {CoCp 2 }o.i 
(T C = 6K) - might provoke anisotropic properties such as 
the paramagnetic Meissner effect (PME). This effect, also 
referred to as Wohlleben effect, has hitherto not been re- 
orted for dichalcogenides, but for some layered cuprates 
and conventional superconductors 11011 . Hence, the re- 
lated highly anisotropic superconducting properties of 18R- 
SnSe 2 {CoCp 2 }o.i and the layered cuprates might allow us to 
investigate the microscopic origin and nature of the Wohlleben 
effect in these 2D systems. 

A single crystalline 18R-SnSe 2 sample (w 
2cmx lcmxO.l mm) was synthesized by chemical va- 
por transport and intercalated with cobaltocene in acetonitrile 
at 65 °C (21 days). The composition with respect to the 
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FIG. 1: (Color online) Reciprocal space reconstruction based on sin- 
gle crystal X-ray data of 18R-SnSe2 (RT; left) and of the intercalated 
species (T = 6K; right) along the 00/* axis. Intercalation of 18R- 
SnSe2 with cobaltocene, CoCp2, causes a lattice expansion along 
the c-axis from 55.26 A to 71.6 A in agreement with the formation 
of a 3rd stage hybrid material where each third interlayer is totally 
occupied by CoCp2 molecules (idealized model). 



Sn, Se, and Co content was analyzed by ICP-OES yielding 
SnSe! 9 g{CoCp 2 }o.i. A single-crystal X-ray study at 6K 
clearly demonstrates that intercalation of the 18R-SnSe 2 
host-lattice with cobaltocene results in a 3rd stage hybrid 
material (p = 4.9 g/cm 3 ), which is in agreement with an 
elongation of the c-axis from55.26A to 71.6 A (Fig. QJ. For 
more details see the Supplement iflltl . 

In the following we present a short introduction of the PME, 
which was observed for the first time in polycrystalline sam- 
ples of the HTSC Bi 2 Sr 2 CaCu 2 8 -s ffl. The best way to 
identify the PME is to perform magnetic field studies employ- 
ing zero-field-cooled (ZFC) and field-cooled (FC) measure- 
ments. The sequences of the ZFC and FC procedures are il- 
lustrated in a schematic B-T phase diagram (Fig. [2ja)). ZFC 
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FIG. 2: (Color online) (a) Schematic sketch of the ZFC and FC 
sequences in a B-T phase diagram; (b) ZFC and FC susceptibility 
of Bi-2:2:1:2 (from Ref. 12); (c) Extraordinary Wohlleben effect in 
X(T) ZFC and FC sequences with B parallel to the afo-planes of 
18R-SnSe2{CoCp 2 }o.i; (d) p(T) parallel to the afe-planes in zero 
magnetic field. 



sequences in low magnetic fields usually result in a complete 
shielding effect at low temperatures (\v — — 1), whereas the 
FC curves exhibit paramagnetic behavior, which decreases 
with increasing field due to an enhancement of the diamag- 
netic contribution. Such shielding behavior is seen in Fig.HJb) 
in the case of Bi-2:2: 1 :2-samples by Wohlleben and cowork- 
ers 11211 . The PME was first attributed to spontaneous for- 
mation of current loops caused by it -junctions in weak links 
between domain boundaries, which are aligned in small ex- 
ternal magnetic fields. Later, the PME was also found in 
single-crystalline Yl^CuaOj-a 111 311 . Several controversial 
concepts are proposed to elucidate the nature and origin of the 
PME (for an overview, see Ref. 14). Here we will discuss the 



first example of an anisotropic Wohlleben effect, where even 
the ZFC sequences in 18R-SnSe2{CoCp 2 }o.i curves exhibit a 
paramagnetic response. 

In Fig. |2jc) ZFC and FC dc-susceptibility curves of 
SnSei.gg{CoCp 2 }o.i in a small external magnetic field lfl5ll 
of B = 35 [IT are displayed. Below a first superconduct- 
ing transition (T cl = 6K) paramagnetic behavior is observed 
for both pathways, ZFC and FC. The latter directly signals 
the presence of a PME. However, the paramagnetic response 
when applying a small magnetic field after ZFC is unex- 
pected and is therefore denoted in the following as an un- 
precedented Wohlleben effect. Around 3.7 K an additional 
contribution to the paramagnetic behavior is observed, which 
might arise from an anisotropic bulk Wohlleben effect charac- 
terized by a different extent parallel and perpendicular to the 
a6-planes. We further note that also the resistivity data cor- 
roborate the presence of an anisotropic superconducting state. 
In Fig.|2|d) the resistivity parallel to the a6-planes clearly ex- 
hibits that the sample undergoes two superconducting tran- 
sitions, at T c i = 6 K and T c2 = 3.3 K associated with in-plane 
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FIG. 3: (Color online) Comparison between (a) dc- and (b,c) ac- 
susceptibility measurements; the sample has been cooled in an exter- 
nal magnetic field of 10 /iT. 



and out-of-plane superconductivity, respectively. We suggest 
that dislocations between intercalated and native SnSe 2 dou- 
ble layers (see Fig.[T]and iflHl ) are responsible for the presence 
of two superconducting transitions. At T c i = 6K no continu- 
ous in-plane superconducting path in the resistivity is avail- 
able. It is therefore conceivable that the steps have their physi- 
cal origin in a percolation process occurring in the intercalated 
SnSe 2 ab-sheets and bridging selenium atoms of neighboring 
layers staged along the out-of-plane c-direction. 

Since the Wohlleben effect itself describes a rather unusual 
paramagnetic behavior, we have to rule out the presence of 
other paramagnetic contributions carefully. In the follow- 
ing, we discuss possible origins of the paramagnetic response 
which may coexist with a superconducting phase. First, we 
analyzed whether the paramagnetic increase at low tempera- 
tures could be due to a Curie contribution. If we consider the 
fact that CoCp2 donor-molecules have only partially trans- 
ferred their unpaired af-electron to the conduction band the 
only origin of a Curie term could be attributed to the 2 Eig 
state of neutral CoCp2- However, even the volume susceptibil- 
ity of pure CoCp 2 ( x(SI) = 9.2xl0~ 3 at T = 2K) in compar- 
ison with the FC susceptibility of SnSei.gg{CoCp 2 }o.i (see 
Supplement [ 1 1]) is by a factor of 17 smaller, which rules out 
such possibility. Second, from susceptibility measurements in 
a magnetic field of 1 T we can also exclude any other spin- 
paramagnetic impurities 11 ill . On the contrary, from these 
measurements one receives an effective magnetic moment of 
Mcff = 0.03 /iB, which indicates that more than 98 % of all 
CoCp2 molecules transfer their unpaired electron to the con- 
duction band of the SnSe 2 -layers (for a detailed calculation, 
see Ref. 16). This result is different from the conclusion drawn 
by O'Hare for 2H-SnSe2{CoCp 2 }o.3i where a charge transfer 
of only 78 % was assumed B17I1 . Third, we can rule out the 
presence of spin-paramagnetic fluctuations. Even during long 
measuring intervals (three days) we cannot identify within the 
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FIG. 4: (Color online) FC susceptibility measurements in various 
magnetic fields; the maximal volume magnetizations mv are ob- 
tained at 2.95 K and displayed in ascending order of the magnitude of 
the applied magnetic fields; with increasing magnetic field my de- 
creases, whereas the maximum shifts slightly to lower temperature. 
This is in line with the Wohlleben effect. 
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FIG. 5: (Color online) ZFC and FC volume susceptibility curves with 
B perpendicular to the ab-planes. The data are corrected with a de- 
magnetization factor of N = 0.78 (see lllll ). The insert exhibits 
reversal FC cooling and FC warming sequences with B parallel to 
the afe-planes (for details see lllll ). 



error bar of 0.5 % any relaxation of the paramagnetic moment 
atT = 3K|[llll. 

To verify that the paramagnetic ZFC and FC suscepti- 
bilities are observed within the superconducting state and 
to clarify whether the double structure observed in the dc- 
susceptibility (Fig. EJc)) can be attributed to an anisotropic 
PME we performed simultaneously dc- and ac-susceptibility 
measurements, which have been recorded after FC (B = 
10/iT). In Fig. [3ja) the dc-susceptibility x{T) again shows 
a clear paramagnetic double feature in the superconduct- 
ing regime, whereas in the same temperature region the 
ac-susceptibility exhibits two superconducting transitions 
(Figs. 0b), (c)) which are clearly correlated with the two indi- 
vidual paramagnetic signals in Fig. 0a). Thus, the two super- 
conducting transitions provide strong evidence for the pres- 
ence of an anisotropic Wohlleben effect. The plateau in x'Lc 
between the two superconducting transitions may be due to 
strong superconducting fluctuations. In detail, at the first tran- 
sition superconductivity within the layers is paralleled by an 
in-plane PME, whereas at the second transition superconduc- 
tivity perpendicular is accompanied by an out-of -plane PME. 

For a thorough investigation in the framework of the 
Wohlleben effect we performed detailed FC-susceptibility 
studies in several external magnetic fields (Fig.|4j». The param- 
agnetic contribution is decreasing with increasing field. These 
findings are in accord with the Wohlleben effect as interpreted 
by Sigrist and Rice lfl8ll . They predict a constant paramagnetic 
fraction, whereas the diamagnetic shielding increases with in- 
creasing magnetic field. For the temperature-dependent sus- 
ceptibility an increasing diamagnetic contribution with in- 
creasing magnetic field is seen between 4.5 K and 5.5 K. 
When the temperature is lowered spontaneous eddy-currents 
emerge associated with a positive magnetization. Therefore, 



the paramagnetic signal sets in a few tenths of a degree be- 
low the onset of the normal Meissner effect flill . The point of 
inflection around 3.5 K displays the onset of the second super- 
conducting transition, which again reveals the second PME 
transition. Furthermore, the decrease of the susceptibility be- 
low 2.95 K may be associated with an underlying broad su- 
perconducting transition, which is due to an extremely large 
out-of -plane penetration depth (Al ~ 1/im) in comparison to 
the sample thickness. It is important to note that the initial oc- 
currence of the Meissner effect can only be observed for high 
quality single-crystalline samples because in inhomogeneous 
samples the interplay between the normal and the paramag- 
netic Meissner effect is obscured. 

Naturally, the question arises whether the observed super- 
conductivity accompanied by a Wohlleben effect is a surface 
or a bulk effect. Therefore, we determined also the volume 
susceptibility for the ZFC and FC curves in various magnetic 
fields for B _L ab (Fig. [5}. As already discussed for B || ab 
an unprecedented and even larger Wohlleben effect is also ob- 
served for B _L ab (B = 20 fiT). We note that this Wohlleben 
effect (xv ~ 3.5) is by one order of magnitude larger than in 
other reported compounds. For B > 110 ^T the ZFC curve 
shows nearly complete shielding (xv ~ —0.9) already at 2 K 
indicating bulk-superconductivity, which is a clear evidence 
that the Wohlleben effect in 18R-SnSe 2 {CoCp 2 } .i is a bulk 
effect. In addition, bulk-superconductivity is also verified by 
a BCS-like hump seen in our specific heat studies (see Sup- 
plement MM). 

Our experimental results of the susceptibility, resistivity 
and specific heat measurements flUl at very low magnetic 
fields confirm the presence of the Wohlleben effect in 18R- 
SnSei.gg{CoCp 2 }o.i. From a theoretical point of view there 
exist two main mechanisms in literature for this enigmatic 
phenomenon which contradict each other: flux trapping lfl9ll 
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and the appearance of spontaneous magnetic moments 111 (811 . 
In the following these two models are discussed with special 
respect to our system: 

i) In conventional superconductors the PME was found in 
some Nb-discs 110, 20| , where the Wohlleben effect was at- 
tributed to the flux trapping mechanism ifpjtl . This model, 
which was later also applied to high T c superconductors, is 
due to either an inhomogeneous superconducting transition or 
flux trapping inside the giant vortex state 12111 . It connects 
the PME directly to the nature of the surface texture. When 
the surface-layers are removed, the samples do no longer dis- 
play a PME Jjlilll]. In addition, the PME was attributed to 
the surface superconductivity, when T c of the surface is dif- 
ferent from the bulk superconducting transition temperature 
ifioll . Theoretical studies for this scenario pointed out that the 
magnitude of the paramagnetic signal is sensitive to the sam- 
ple geometry and should be limited to the maximum of 27 % 
of the absolute amount of the diamagnetic signal {\v = -1) but 
will generally be smaller 1 19]. 

ii) Sigrist and Rice 111 811 proposed an alternative model 
based on spontaneous appearance of large internal magnetic 
moments for the occurrence of the PME. This model is in par- 
ticular applicable to explain the positive magnetization also 
in ZFC curves which might account for the bulk PME in 
our samples as well. For HTSC d-wave paring of d x i_ y i- 
symmetry is assumed. This model was supported experimen- 
tally by Magnusson et al, who reported large internal mag- 
netic moments in P^S^CaG^Os employing FC sequences 

Our observations disfavor scenario i). In our system the 
paramagnetic signal is by more than one order of magni- 
tude higher than that predicted by 11911 . Furthermore, the 
anisotropic character of the Wohlleben effect clearly confirms 
the bulk character which again contradicts the influence of 
surface morphology as origin of the PME. Also the unex- 
pected PME in ZFC sequences is not in line with the flux 
trapping model. Cycling through T c in FC mode and sub- 
sequent warming up in the same mode with different cooling 
rates occurs fully reversible (see inset of Fig. O and displays 
an increase of the paramagnetic moment with decreasing cool- 
ing rate as expected for scenario ii) (for a detailed discussion 
see the supplementary material 111]]). However, it is question- 
able, if scenario ii) can be used to describe our system, since 
(i-wave pairing symmetry is unlikely to occur in tin diselenide 
layers. 

In summary, a comprehensive PME model which also ac- 
counts for our results has to incorporate the spontaneous ap- 
pearance of large internal magnetic moments in the sam- 
ple below T c . We propose that the cobaltocene donor 
molecules, which are intercalated into the layered structure 
of 18R-SnSei gg{CoCp 2 }o.i play a key role for the pres- 
ence of these large internal magnetic moments, a phenomenon 
only observed in cZ-wave superconductors so far. Our dc- 
susceptibility measurements clearly confirm the bulk charac- 



ter of the PME which occurs in our case as an anisotropic 
effect with a distinct paramagnetic contribution within the su- 
perconducting layers and a more pronounced effect perpen- 
dicular to them, which can be easily suppressed by a mag- 
netic field. Furthermore, our studies exhibit a PME in ZFC 
as well as in FC procedures which we have therefore termed 
an unprecedented paramagnetic Meissner effect. This is very 
unusual since this effect has only been seen in the FC proce- 
dures up to now. So far no theoretical concept exists, which 
describes the PME in superconductors lacking cZ-wave sym- 
metry in terms of a bulk effect with predominant internal mag- 
netic moments > 27% of the amount of the full diamagnetic 
signal. This warrants further exploration by theoretical stud- 
ies. 
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